Abstract: Real insulation systems are often heterogeneous and sometimes non-linear. In this paper we discuss the application of dielectric frequency response methods to a number of such practically important systems. Important examples of composite insulation systems are the oillcellulose insulation of power transformers and the glass-mica-epoxy system of machine insulation. A few examples of non-linear effects and their implication for dielectric response analysis are discussed. These include narrow liquid ducts in transformer insulation, exhibiting a voltage dependent conductivity, polymer cables with water trees exhibiting non-linear behaviour that is the basis for diagnosis. The relation between partial discharges and dielectric response is elucidated and finally the special problems of measuring non-linear field grading material is discussed.
INTRODUCTION
Dielectric response stands for a family of methods used for characterisation of dielectric materials as well as practical insulation systems. Classical methods of measuring dielectric response include (power frequency) capacitance-Tan(6) and insulation resistance. More recently extensions such as measurements of dielectric frequency response, polarisation and de-polarisation currents and return voltage have found increasing popularity. Several authors have pointed out that all of these methods are "in principle" equivalent [I, 2, 31 and that may be true in the ideal case. In this paper the discussion is based on dielectric frequency response where capacitance and loss are measured as a function of frequency. In case of non-linear response, the harmonics in the response are important for the analysis. The ideal sample for a dielectric response measurement consists of a single, linear, homogenous material in parallel plate capacitor geometry. "Real" systems are generally composite and often non-linear and may have a complex geometry. In this paper a number of such "real" situations, typical of practical insulation systems, are discussed. Important examples of heterogeneous insulation are the oillcellulose insulation in power transformers and the glass-mica-epoxy system of machine insulation.
Most real systems are, in fact, to some extent non-linear. The linear behaviour can only be considered as a low field limit. Examples of such non-linear dielectric systems are dielectric liquids in narrow ducts and insulation in cross-linked polyethylene (XLPE) cables with water trees. Partial discharge and dielectric response measurements are two complementary methods for assessment of high voltage insulation. Important relations between the two methods are discussed in the final section of this paper.
COMPOSITE SYSTEMS Many practical insulation materials are composites or combination of two or more materials. The structure of the insulation has fundamental influence on its dielectric response. For (more or less) random mixtures there are established formulas [ 4 ] and modelling schemes [5, 61 for calculation of the response. The general problem is to calculate the response of the composite from knowledge of the properties of its constituents. Two examples from "the real world, transformer and machine insulation, are used to illustrate the study of insulating systems consisting of several components. In spite of their complexity the overall behaviour can be reasonably well understood based on geometric considerations and knowledge of the dielectric properties of the constituent materials.
Moisture in power transformer insulation An important application of dielectric response analysis is to assess the moisture content in the cellulose in transformer insulation [7, 81. High moisture content accelerates ageing and lowers the breakdown strength of the insulation. In a power transformer the combination of materials is, of course, far from random. The oil cellulose insulation system of a power transformer is an example of an inhomogeneous insulation system where the structure has a major influence on the dielectric response. The basic structure of this insulation is illustrated in Fig.  1 . The barriers and spacers consist of oil impregnated cellulose material and the whole structure is immersed in oil. For modelling purposes we can use the simplified "insulation module" (Fig. 2) . The parameter X is the relative amount of solid insulation (barriers) in the radial direction and Y is the relative amount of spacers. It is important to note that E , ,~, E~~~~~. and E~~~~~~~ are, in general, complex frequency dependent quantities. The influence of temperature and moisture must be known.
The oil can, for low voltages, simply be characterised by its relative permittivity, (typically 2,2) and its DC conductivity, (3 (2).
The crude XY-model can be used for diagnostic purposes [7, 81 . To determine the moisture in the solid insulation the procedure is to calculate the response of XY-model (I) , with materials data inserted from earlier measurements on pressboard for different moisture levels. In Fig. 3 the output of this fitting procedure is presented. By inserting earlier measured material data into the model the moisture content was determined to 3 % moisture in the solid insulation and the oil conductivity to 6 pSim. In most pans of the insulation the field is homogenous but in particular at 0,005 Hz, the field is significantly inhomogeneous at the comer of the spacer. Fig. 3 also shows a comparison between the full frequency dependent FEM calculation, the calculation based on simple XY-model and the measured data. The agreement is very good so, in this particular case, the simple XY-model is sufficient, but clearly the frequency dependent FEM calculations can be used as a tool for analysing the dielectric response of systems with more complex geometries.
Curing of machine insulation
Another practically important composite system is insulation of electrical machines. To achieve optimum quality, the curing process must he finely tuned. Too much or uneven curing may lead to a brittle insulation and poor adhesion to the conductors. Too little curing will result in high dielectric losses. Dielectric response can be used to study the curing process [IO, 111. Fig. 5 shows the layer structure of tape insulation in the machine stator. In a resin pre-impregnated (resin-rich) system [12] the main insulation consists of layers of tape consisting of a mixture of mica flakes and epoxy resin on a glass fibre carrier ( Fig. 6 ). and frequency during a process cycle. In the beginning (Phase I) the temperature is rapidly increased to S O T , the resin is melting and the losses increase rapidly. In Phase I1 ihe temperature is further increased but the onset of cross-linking eventually limits the motion of the molecules and also the losses.
l0dT""eil.l As the temperature is lowered (Phase ill) the losses drop sharply but the characteristic dipolar peak moves from higher to lower frequencies. The dynamic situation during the real process is of course complex. To study the different stages, samples were pre-cured to a defined degree of curing (a) and then measured under isothermal conditions. The degree of curing (a) was determined by and based on analyses using differential scanning calorimetry (DSC) [ 141. Fig. 9 shows the frequency responses of the resin-rich mica tape with different degrees of curing, i.e. between a=O (no curing) and a=l (fully cured). The a=O curve displays a broad dipolar peak around 100 Hz and in the low frequency end, a behaviour that can be interpreted as DC conduction. As the curing progresses, the peak rapidly shifts towards lower frequencies. 
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NON-LINEAR SYSTEMS
Nearly all insulation systems are, in fact, more or less non-linear. It is only in the low voltage limit that the systems behave linearly. In this section we briefly discuss a few important cases: Narrow liquid ducts, water-treed cables and insulation with partial discharges.
Narrow ducts of dielectric liquids
Liquid ducts are of course part of transformer insulation. Above we used a perfectly linear model (2) it takes for an ion to cross the gap is
In reality there is a good chance that the ion recombines with a counter ion before it reaches the electrode of opposite polarity. The dielectric relaxation time r, , , is a measure of the mean life of a free ion before it recombines E, is the permittivity of the liquid and D the conductivity. E,, =8,854
AsNm. For the liquid to behave as a linear resistor, qmi,, must he much larger than r,<,, . This can be translated to a criterion on the applied voltage U for Ohmic behaviour.
If the applied voltage is comparable or exceeds the critical voltage Ucri, in (6) the result may be that the oil gap is depleted of charge carriers and the current voltage characteristics will be sub-Ohmic. (Fig. 12) . The critical voltage is very low for low conductivity liquids such as for example newly produced transformer oil. Typical values for ions in a good transformer oil at room temperature are: mobility, V = I O -~ m2Ns and conductivity, o =IO-" Sim. For a one-millimetre oil gap At 50 Hz, U,,,,.,, is very high for a gap as big as I mm, however for very small gaps, such as those in liquid impregnated systems [IS] , the non-linear effect can be significant also at power frequencies. Ions that are swept out of the liquid phase are immobilized. The result is that the losses will decrease as the voltage is increased ("The Garton effect"). At very high fields the losses may increase again due to, for example, field enhanced dissociation and charge injection [19, 201.
XLPE with water trees
Water treeing is an ageing mechanism in polymer isolated cables for medium voltage. A water tree 1211 is a tree or bush like structllle that can develop in polymeric insulation under the influence of moisture and electric field. Ageing due to water treeing significantly reduces the electric breakdown strength of the insulation. The relation between breakdown strength and dielectric loss E" at 0,l Hz is shown in Fig. 15 for lightning impulse (LI) strength and in Fig. 16 for AC step test.
The breakdawn voltage U , is normalised in both graphs with the nominal service voltage, U,).
~n E " atUnandO.l Hz Several models have been applied to explain the dielectric response of water trees. One approach is to use an equivalent circuit [26] in order to describe the water-treed insulation. The un-treed XLPE is represented by a loss-free capacitor. And the deteriorated region is modelled by a capacitor with a parallel resistor representing the increased conductivity within the water tree region. With this model it is possible to explain the increase in both capacitance and loss, hut it is difficult to explain both the frequency dependence and the non-linearity.
A more physical approach is to [27, 281 assume that the water-treed region consists of water droplets forming "strings of pearls" interconnected by narrow channels of crazed insulation. This model explains, to some extent, the leakage current response of deteriorated XLPE by establishment of field dependent electric contacts between water droplets bridging the whole insulation thickness. The predicted frequency dependence is however in such a case not in complete agreement with experiments.
Dielectric response of insulation with partial discharges
Voltage dependence of capacitance and loss, "tip-up" measurements, are standard tools for quality assessment of high voltage rotating machine insulation. In general numerous pulses exist and we therefore have to sum over index i in (9) and (IO). The phase position of the discharge is important as well. Discharges near the peak of the voltage will have a maximum impact on the loss whereas discharges near the zero crossings will have the maximal impact on the capacitance. Not only the fundamental components (IO) hut also higher harmonics in the response current will he affected by the discharge distribution. Fig. 18 shows the current from partial discharges in a small cavity hounded by dielectric walls (poly ethylene). The real and linear displacement current is outbalanced and only the non-linear component is recorded. It is clear that the current contains a lot of harmonics and Fig. 19 shows the first eight absolute harmonic values on the cosine components (an) and sinus components (b,) in the Fourier transform of the PD-current ( I I). Harmonic number, n=f/fo (IO) . In this case a, is, in fact, larger than b,. The symmetry, in the PD pattern, between the positive and negative half-periods is reflected in the harmonic distribution [31] . In this case harmonics with even n are in general much smaller than the odd ones. Another canonical geometly is the point-plane gap. Fig.  20 shows the corona current from such a configuration In this case (Fig. 21 ) the loss contribution, b,, is much larger than the capacitance contribution 0,.
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Again, the symmetry of the PD pattern is reflected in the Fourier components. The loss contribution b, is much larger than the capacitance contribution a2 and both odd and even harmonics are significant. In fact, the harmonics in the dielectric response can be used for classification of PD spectra. In Table 1 a few idealised symmetry cases are listed [31] . The relations (9) and (IO) do not indicate any dependence of the frequency of the applied voltage on the PD current. In reality there exists a significant frequency dependence [33, 341. Fig. 22 shows the number of discharges per cycle as a function of the frequency of the applied voltage. The study object is an old hitumen-mica insulated stator bar. There are mechanisms that can, at least qualitatively, explain the frequency dependence. At the high frequency end (Fig.   22 ) the number of discharges drops sharply. This is most probably the effect of a statistical time lag. If time interval, when the voltage is above the inception level, becomes short enough, it happens that seed electrons are not available to start an avalanche [35] . Below the maximum at 5 Hz, the number of discharges decreases as well. This can be interpreted as a shielding effect by the conductivity, around walls of the many voids that reduce the field strength inside the voids.
Finally, at very low ffequencies the number of discharges increases again. Possibly this is as an effect of field concentration in a blocking de-lamination.
The behaviour is like that of a resistor in series with a capacitor and one gets a number of discharges per cycle inversely proportional to frequency. Clearly this combination of PD detection and dielectric spectroscopy can be a great help in elucidating the nature of material degradation. 
Field grading materials
Insulating materials filled by conducting or semi conducting particles are used for field grading purposes [36, 37, 381. These materials often exhibits extreme dielectric properties in terms of both non-linearity and frequency dependence. A case of silicon carbide (Sic) in ethylene-propylene rubber (EPDM) is shown in Fig.  23 . The S i c particles are much more conducting than the rubber matrix and the electric properties are controlled by the particle-particle contacts 1391. This leads to a very sharp transition in properties in a critical (percolation) concentration range. 
